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Most plant organs develop postembryonically from stem
cells in the shoot and root meristems [1]. In Arabidopsis,
Class I KNOTTED-like homeobox (KNOX) transcription
factors are specifically expressed in shoot meristems and
play a primary role in the maintenance of meristem function
[2,3].AlthoughsuppressionofKNOXwasshowntoassociate
with histone H3K27-methylation [4], the molecular mecha-
nism underlying this suppression is not well understood.
Here,we provide genetic,molecular, and functional evidence
that an Arabidopsis POLYCOMB REPRESSIVE COMPLEX1
(PRC1)-like complex acts in conjunction with PRC2 in KNOX
suppression. We identified AtRING1a and AtRING1b as
homologs of the animal PRC1 core component RING1.
Loss-of-function mutant Atring1a2/2Atring1b2/2 shows
release of KNOX suppression and ectopic-meristem forma-
tion. AtRING1a and AtRING1b proteins are localized in the
nucleus.AtRING1abinds to itself and toAtRING1b, toCURLY
LEAF (CLF), a PRC2corecomponent catalyzingH3K27-meth-
ylation [4, 5], and to LIKE HETEROCHROMATIN PROTEIN1
(LHP1), a chromodomain protein binding trimethyl-H3K27
[6–8]. We further show that clf2/2 and lhp12/2 enhance
Atring1a2/2Atring1b2/2 in release of KNOX suppression
and mutant phenotypes. We propose a model in which
AtRING1a, AtRING1b, and LHP1 form a PRC1-like complex,
which binds trimethyl-H3K27 marked by the CLF-containing
PRC2, resulting in transcriptional suppression of KNOX.
Results and Discussion
Information on Protein Sequences and Loss-of-Function
Mutants of AtRING1a and AtRING1b
Sequence analysis revealed that AtRING1a (gene locus
At5g44280) and AtRING1b (At1g03770) are the Arabidopsis
proteins containing a RING finger domain showing highest
homology with the animal RING1 group of proteins (see
Figure S1 available online). The two Arabidopsis proteins
show 62% identity and 76% similarity at the amino acid
sequence level (see Figure S2). To investigate function of
AtRING1a and AtRING1b genes, we obtained two mutants
Atring1a2/2 and Atring1b2/2, which contain T-DNA insertion
in the second intron and the third exon of AtRING1a and
AtRING1b, respectively (Figure 1A). Reverse transcription-
polymerase chain reaction (RT-PCR) analysis revealed that
full-length transcripts of AtRING1a and AtRING1b are
*Correspondence: wen-hui.shen@ibmp-ulp.u-strasbg.frundetectable in the corresponding mutants (Figure 1B),
indicating that T-DNA insertion caused loss-of-function of
AtRING1a and AtRING1b genes. Both Atring1a2/2 and
Atring1b2/2 mutants have a normal phenotype, suggesting
functional redundancy of the two genes. In agreement with
this assumption, the expression pattern of AtRING1a and
AtRING1b overlapped; their transcripts are found ubiquitously
in different organs analyzed (see Figure S3). We further ob-
tained the double mutant Atring1a2/2Atring1b2/2 by crossing
the single mutants Atring1a2/2 and Atring1b2/2 (see
Figure S4). In contrast to single mutants, the double mutant
Atring1a2/2Atring1b2/2 shows drastic growth defects and is
completely sterile. We therefore maintained the double mutant
in genetic backgrounds Atring1a2/2AtRING1b+/2 (line-29) and
AtRING1a+/2Atring1b2/2 (line-22). Upon selfing, both lines
produced mutant-phenotype progeny at the frequency of
segregation expected for recessive mutations (see
Figure S4), indicating that loss-of-function of both AtRING1a
and AtRING1b are responsible of the mutant phenotype. As
expected, in the double mutant Atring1a2/2Atring1b2/2 both
AtRING1a and AtRING1b transcripts were undetectable
(Figure 1B). We further investigated the association of mutant
phenotype with loss-of-function of the genes by testing
complementation of mutations with a genomic DNA fragment
containing AtRING1a or AtRING1b. Reintroduction of a func-
tional AtRING1a in line-29 or AtRING1b in line-22 completely
rescued the Atring1a2/2Atring1b2/2 mutant phenotype (see
Figure S5). Taken together, the data demonstrate that
AtRING1a and AtRING1b have redundant functions and that
simultaneous loss of function of both genes caused the
Atring1a2/2Atring1b2/2 mutant phenotype.
Loss of Function of Both AtRING1a and AtRING1b Causes
Ectopic-Meristem Formation
The Atring1a2/2Atring1b2/2 mutants from line-22 and line-29
are identical, so only the data from line-22 are presented here.
After seed germination, the first growth defects of the At-
ring1a2/2Atring1b2/2 mutant were observed on cotyledons.
Lobe and/or leaf-on-cotyledon phenotype (Figure 1C) are
seen inw46% of theAtring1a2/2Atring1b2/2mutant seedlings.
Appearance of true leaves is retarded in all seedlings of the
Atring1a2/2Atring1b2/2 mutant, with w3% of them failing to
produce a rosette. Rosette leaves produced by theAtring1a2/2
Atring1b2/2 mutant show downward curling and have severe
serrations and lobes (Figure 1D). The cauline leaves of the
Atring1a2/2Atring1b2/2 mutant also show marked serrations
(Figure 1E). Scanning-electron-microscopy examination re-
vealed meristem structures on cotyledons (Figure 1F) and
rosette leaves (Figure 1G). These observations together reveal
that loss-of-function of both AtRING1a and AtRING1b cause
ectopic-meristem formation in cotyledons and leaves.
Longitudinal sections through shoot apical meristem (SAM)
revealed that the Atring1a2/2Atring1b2/2 mutant plants have
an enlarged SAM. Cell size is normal but there is an increased
cell number (Figure 1H), resulting in enlarged or fasciated
stems (Figure 1I). The fasciated inflorescence meristems
disrupt the normal spiral phyllotaxis of emerging flowers,
pointing a defect in floral primordium initiation on the flanks
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1967of SAM. In wild-type plants, the floral meristem terminates in
forming a flower with two sepals, four petals, six stamens
and a fusion of four carpels (Figure 1J). In Atring1a2/2At-
ring1b
2/2
mutant plants, flowers show a dramatic variation of
morphology. Approximately 10% of mutant inflorescence
stems produced heavily fused flowers (Figure 1K). A statistic
analysis of simple flowers revealed that the mutant flowers
contain more than two times the number of sepals, three times
the number of petals, and 1.6-fold more carpels, whereas the
number of stamens is close to that of wild-type flowers
Figure 1. Simultaneous Knockout of AtRING1a and AtRING1b Causes Ectopic-Meristem Formation
(A) Diagram of gene structures of Atring1a2/2 and Atring1b2/2 mutant alleles. Dark boxes represent exons; lines represent introns; and triangles indicate
T-DNA insertions.
(B) RT-PCR analysis of AtRING1a and AtRING1b expression in leaves of the single mutants Atring1a2/2 and Atring1b2/2, and in the double mutant
Atring1a2/2Atring1b2/2 (doublet2/2). ACTIN serves as an internal control.
(C) Fifteen-day-old seedlings of the doublet2/2 mutant compared with the wild-type Col. Arrowhead points to an ectopic leaf formed on the mutant
cotyledon. The scale bar represents 2 mm.
(D) Fully expanded rosette leaves from the doublet2/2 mutant compared with the wild-type Col. Arrowhead indicates the lobe and ectopic leaf formation.
The scale bar represents 5 mm.
(E) Fully expanded cauline leaves from the doublet2/2 mutant compared with the wild-type Col. The scale bar represents 5 mm.
(F) Scanning-electron-microscopy image of an ectopic meristem on the cotyledon of the doublet2/2 mutant. The scale bar represents 50 mm.
(G) Scanning-electron-microscopy image of an ectopic meristem with leaf primordium in the sinus of leaf margin of the doublet2/2 mutant. The scale bar
represents 100 mm.
(H) Longitudinal sections through the shoot tip of 10-day-old seedlings of the doublet2/2mutant compared with the wild-type Col. Arrows indicate the dome
of the SAM. Scale bars represent 20 mm.
(I) Inflorescences of the doublet2/2 mutant compared with the wild-type Col. Scale bars represent 5 mm.
(J) A wild-type flower. The scale bar represents 2 mm.
(K) A mutant flower. The scale bar represents 2 mm.
(L) Comparison of floral organ numbers of the doublet2/2 mutant with the wild-type Col. The following abbreviations are used: Sep, sepals; Pet, petals; Sta,
stamens; and Car, carpels. Values shown are mean number of organs dissected from ten flowers. Vertical bars represent standard deviations.
(M) Scanning-electron-microscopy image showing homeotic conversion of stigma-like structures on a sepal of the doublet2/2mutant. The scale bar repre-
sents 50 mm.
(N) Scanning-electron-microscopy image showing homeotic conversion of anther-like structures on a petal of the doublet2/2 mutant. The scale bar repre-
sents 50 mm.
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1968(Figure 1L). Homeotic conversions were also observed on the
mutant flowers. Stigma, the typical character of pistil, was
observed on the margin of mutant sepals (Figure 1M), and
anther shape structures were found on petals (Figure 1N).
Taken together, the data indicate that loss of function of
both AtRING1a and AtRING1b result in a superactivation of
SAM and a perturbation of cell-fate determination, which
affects initiation, maintenance, and differentiation of inflores-
cence and floral organs.
Ectopic-Meristem Formation Is Associated
with the Release of Suppression of Class
I KNOX Genes in the Mutant
To investigate molecular mechanisms underlying the At-
ring1a2/2Atring1b2/2 mutant phenotype, we first analyzed
the expression of genes involved in SAM activation (Class I
KNOX genes, WUS, and CLV3) or in SAM repression (AS1
and AS2), and floral homeotic genes (AG and AP3) by RT-
PCR. As shown in Figure 2A, ectopic expression of Class I
KNOX genes (STM, KNAT1, KNAT2, and KNAT6) was detected
in the mutant leaves. In contrast, expression of WUS, CLV3,
AG, and AP3 was undetectable in both mutant and wild-type
leaves. Also the expression levels of AS1 and AS2 were similar
in mutant and wild-type leaves. It thus appears that loss of
function of both AtRING1a and AtRING1b specifically induce
ectopic expression of Class I KNOX genes.
To investigate spatial expression patterns of class I KNOX
genes, we introduced the b-glucuronidase (GUS) expression
reporters pSTM:GUS [9], pKNAT1:GUS [10], pKNAT2:GUS
[11], and pKNAT6:GUS [12] into the Atring1a2/2Atring1b2/2
Figure 2. Ectopic Expression of Class I KNOX Genes Occurs in
the Atring1a2/2Atring1b2/2 Double Mutant
(A) RT-PCR analysis of expression of genes involved in shoot
meristem function. The following symbol and abbreviations are
used: +, inflorescences of the wild-type plants; Col, mature
rosette leaves of the wild-type plants; m, mature rosette leaves
of theAtring1a2/2Atring1b2/2double mutant (doublet2/2) plants
exhibiting a mild mutant phenotype; and s, mature rosette leaves
of the doublet2/2 mutant plants exhibiting a strong phenotype.
ACTIN serves as an internal control.
(B) Spatial expression of Class I KNOX genes in the doublet2/2
mutant compared with the wild-type Col plants. Blue staining
indicates the reporter GUS activity expressed from different
constructs. Arrowheads indicate some ectopic expression in
the mutant plants. Scale bars represent 1 mm.
(C) Expression of pSTM:GUS in inflorescences of the doublet2/2
mutant compared with the wild-type Col. Scale bars represent
1 mm.
(D) Longitudinal sections showing expression pattern of pWUS:-
GUS in the shoot apical meristem of the doublet2/2 mutant
compared with the wild-type Col. Scale bars represent 10 mm.
mutant by genetic crossing. GUS activity was de-
tected in an enlarged zone containing the SAM in
the mutant (Figure 2B), indicating that suppression
of Class I KNOX gene expression has been released.
GUS-positive sectors were observed in cotyledons
and leaves of the mutant but not in the wild-type
plants. Some of these GUS-positive sites correlate
with the sites of lobe and ectopic leaf formation.
Other sites did not have a distinct structure, indi-
cating that ectopic expression of Class IKNOX genes
precedes ectopic-meristem formation in cotyledon
and leaves of the Atring1a2/2Atring1b2/2 mutant.
Ectopic expression of pSTM:GUS was also detected in inflo-
rescences. In wild-type plants, pSTM:GUS is expressed
in the inflorescence apex and in early floral primordia but
is silenced in later floral developmental stages. However, in
the Atring1a2/2Atring1b2/2 mutant, expression of pSTM:GUS
is maintained in late stage flowers (Figure 2C). Similar studies
using pWUS:GUS [13] and pAG:GUS [14] reporters did not
detect ectopic expression of these genes in leaves of the
Atring1a2/2Atring1b2/2 mutant plants. Nevertheless, in
wild-type plants, the expression of pWUS:GUS is restricted
to the organizing center of the SAM, whereas in the At-
ring1a2/2Atring1b2/2 mutant the expression of pWUS:GUS
is spread out into outer cell layers (Figure 2D). This observation
is in line with the fasciated stem phenotype of the mutant and
supports a coordinated function of STM and WUS in SAM
growth [15].
AtRING1a and AtRING1b Interact Physically
and Genetically with CLF and LHP1
To gain an insight into the molecular mechanism of AtRING1a/
AtRING1b-mediated suppression of Class I KNOX genes, we
examined interactions of AtRING1a with LHP1 and CLF. Yeast
two-hybrid analysis showed that AtRING1a bound to itself and
to AtRING1b, LHP1, and CLF but not to AS1 and AS2
(Figure 3A). The GREEN FLUORESCENT PROTEIN (GFP)-
fused AtRING1a (Figure 3B) or AtRING1b (not shown) proteins
are localized in the nucleus. Pulldown assays showed that
FLAG-tagged AtRING1a expressed in transgenic plants was
specifically precipitated from total protein extracts by GST-
LHP1 and GST-CLF but not by GST alone (Figure 3C). Taken
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1969Figure 3. AtRING1a and AtRING1b Physically and Genetically
Interact with CLF and LHP1, which Act Together to Repress
Expression of Class I KNOX Genes
(A) Protein-protein interactions in yeast two-hybrid assays. Dilu-
tion (310)seriesof yeastcells coexpressing the indicated proteins
from the pGBKT7 and pGADT7 vectors were plated onto media
lacking leucine and tryptophan (2LT) or onto media lacking
leucine, tryptophan and adenine (2LTA). Growth of yeast cells
on2LTA plates indicates positive protein-protein interaction.
(B) Subcellular localization of GFP-fused AtRING1a protein in
root cells. A fluorescence confocal image (left panel) is shown
together with a bright-field differential interference contrast
image (middle panel) and an overlay image (right panel). Note
that fluorescence is particularly strong in the spherical nucleus.
Similar subcellular localization is also observed for AtRING1b
(data not shown). Scale bars represent 10 mm.
(C) Pull-down assays. Total nuclear protein extract from 15-day-
old seedlings expressing FLAG-AtRING1a was subdivided into
three and incubated with GST-CLF, GST-LHP1, or GST coated
beads. The pull-down fractions were analyzed by western blot-
ting with antibodies against the FLAG epitope. Arrowhead indi-
cates band corresponding to the size of FLAG-AtRING1a.
Asterisk indicates band of an unknown protein, present in plants
expressing FLAG-AtRING1a (input lane) as well as in wild-type
plants (not shown), which binds GST-CLF and GST-LHP1 as
well as GST alone.
(D) Phenotype of 23-day-old plants of the triple mutants
Atring1a2/2Atring1b2/2clf2/2 (doublet2/2 clf2/2) and At-
ring1a2/2Atring1b2/2lhp12/2 (doublet2/2 lhp12/2) compared
to the single mutants clf2/2 and lhp12/2. Scale bars represent
5 mm.
(E) RT-PCR analysis of gene expression in 15-day-old seedlings
of the triple mutants doublet2/2 clf2/2 and doublet2/2 lhp12/2
compared to the mutants Atring1a2/2Atring1b2/2 (doublet2/2),
clf2/2 and lhp12/2 and to the wild-type Col. Results are repro-
ducible in two independent experiments. Gel images from one
experiment and quantitative data of relative signal intensity
from the two experiments are shown.together, these data indicate that AtRING1a physically inter-
acts with AtRING1b, LHP1, and CLF.
To investigate the biological significance of the physical
interactions of AtRING1a with AtRING1b, CLF, and LHP1, we
obtained the triple mutants Atring1a2/2Atring1b2/2clf2/2
and Atring1a2/2Atring1b2/2lhp12/2. The single clf2/2 mutant
has small, upward-curled rosette leaves and reduced plant
height and shows an early flowering phenotype [5]. The single
lhp12/2 mutant has small rosette leaves and reduced
plant height and shows early flowering and has a terminal
flower structure [6]. Both triple mutants Atring1a2/2At-
ring1b
2/2
clf2/2 and Atring1a2/2Atring1b2/2lhp12/2 have
dramatically enhanced phenotypes: the plants are extremely
small and have very few sessile leaves and completely
arrested inflorescences (Figure 3D). Similar strongly disturbed
SAM activity was also observed in the Atring1a2/2Atring1b2/2
mutant but at a very low frequency (w3% of plants). The most
noticeable differences were observed on cotyledons; the
severe Atring1a2/2Atring1b2/2 mutant plants and the
Atring1a2/2Atring1b2/2clf2/2 mutant plants have relatively
well expanded cotyledons, whereas the Atring1a2/2At-
ring1b
2/2
lhp12/2 mutant plants have tiny and sessile cotyle-
dons (Figure 3D), suggesting an earlier (and more
pronounced) perturbation of SAM activity in the Atring1a2/2
Atring1b2/2lhp12/2 mutant. RT-PCR analysis revealed that
Class I KNOX genes are overexpressed in the Atring1a2/2At-
ring1b
2/2
clf2/2 and Atring1a2/2Atring1b2/2lhp12/2 mutants,
to levels higher than in clf2/2, lhp12/2, and Atring1a2/2At-
ring1b
2/2
mutants (Figure 3E). This indicates that AtRING1a
and AtRING1b work in conjunction with CLF and LHP1 torepress transcription of Class I KNOX genes. Release of
AG suppression, which occurs in clf2/2 and lhp12/2 mutants,
was not enhanced by addition of the Atring1a2/2Atring1b2/2
mutations (Figure 3E). However, AtRING1a- and AtRING1b-
independent misexpression of AG combined with the
enhanced ectopic overexpression of Class I KNOX genes
could contribute to the severity of the Atring1a2/2At-
ring1b
2/2
clf2/2 and Atring1a2/2Atring1b2/2lhp12/2 mutant
phenotypes.
Model for Polycomb Silencing of Class I KNOX Genes
We have shown that AtRING1a binds to AtRING1b, LHP1, and
CLF and that AtRING1a and AtRING1b are redundant and both
play key functions in the suppression of Class IKNOX genes to
confine in-place SAM activity during plant development. Our
finding points to a model in which a PRC1-like complex func-
tions in conjunction with PRC2 in suppression of KNOX genes
(Figure 4).
In Arabidopsis, most of the conserved PRC2 components
are encoded by small gene families. Among the possible
combinations of components forming PRC2-like complexes,
the PRC2 complex containing CLF, EMF2, and FIE catalyzes
H3K27 methylation involved in suppression of Class I KNOX
genes [4, 16]. Our finding that AtRING1a binds CLF prompted
us to investigate whether AtRING1a and AtRING1b play a role
in H3K27 methylation. We found that the level of H3K27 trime-
thylation at STM, KNAT2, KNAT6, and AG were unchanged in
the Atring1a2/2Atring1b2/2 mutant, whereas the level
decreased in the clf2/2 mutant (see Figure S6). This result
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PRC2 in H3K27 trimethylation.
AtRING1a and AtRING1b proteins show amino acid
homology with the animal RING1-group proteins. The human
RING1 protein can bind to itself and to BMI1 and HPC2 [17].
BMI1 is also a RING-finger protein and three Arabidopsis
genes (At2g30580, At1g06770, and At3g23060) encode
proteins showing homology with BMI1 (see Figure S1). HPC2
belongs to POLYCOMB (Pc) group of chromodomain proteins.
Pc binds to methylated H3K27, whereas HP1 binds to methyl-
ated H3K9, via their chromodomains [18, 19]. Arabidopsis
does not have a Pc homolog and has only one LHP1. LHP1
binds both methylated H3K9 and methylated H3K27 in vitro
[7, 20]. Genome-wide analysis revealed that the binding sites
of epitope-tagged LHP1 colocalizes with H3K27 trimethyla-
tion-enriched chromatin regions [7, 8], suggesting that LHP1
may play a similar function as animal Pc. We propose that
LHP1-AtRING1a-AtRING1b-AtBMI1 form a PRC1 complex
involved in KNOX suppression, similar to the human HPH2-
Ring1A-Ring1B-BMI1 complex involved in Hox suppression
[21]. Recently, Sanchez-Pulido and colleagues reported
a detailed sequence analysis of RING-finger proteins, which
supports the idea that AtRING1a, AtRING1b, and AtBMI1 are
PRC1 orthologs [22]. Although our genetic evidence points
to a fully redundant function of both AtRING1a and AtRING1b
genes, we cannot exclude the possibility that the AtRING1a
and AtRING1b proteins may play different roles in the PRC1-
like complex in Arabidopsis.
The animal PRC1 complex recruited through Pc-binding of
trimethyl-H3K27 [23] catalyzes H2A monoubiquitylation via
its RING-domain subunits [21, 24]. However, H2A ubiquityla-
tion of a bulk histone extract from Arabidopsis plants was
not detected by mass spectrometry [25], suggesting that the
plant PRC1 may function without catalyzing H2A ubiquityla-
tion. Alternatively, the level of H2A ubiquitylation could be
too low to detect if it occurs at restricted regions of chromatin
and/or in a small number of cells. Future work will be neces-
sary to examine H2A ubiquitylation at KNOX gene chromatin
and to determine whether Arabidopsis PRC1 also suppresses
transcription via H2A monoubiquitylation.
The Atring1a2/2Atring1b2/2, clf2/2, and lhp12/2 mutants
share some homeotic defects, but each mutant also has
unique phenotypes, suggesting that different PRC1 and
PRC2 subcomplexes exist and these subcomplexes have
Figure 4. Proposed Model of Polycomb Silencing Involved in Suppression
of Class I KNOX Genes
The PRC2 containing FIE, EMF2, and CLF catalyzes, via the histone-meth-
yltransferase conserved SET-domain of CLF, H3K27 methylation of chro-
matin. The PRC1-like complex containing AtRING1a, AtRING1b, LHP1,
and possibly AtBMI1 binds to trimethyl-H3K27 via the chromodomain of
LHP1, resulting in chromatin compression and inhibition of transcription.
AtRING1a can also bind CLF, but this is not necessary for H3K27 methyla-
tion. AtRING1a and AtRING1b have redundant roles in suppression of Class
I KNOX genes.some nonredundant target genes.AG repression, for example,
requires CLF and LHP1 but AtRING1a and AtRING1b are not
strictly necessary. Further exploration will define the composi-
tion and interactions of different subcomplexes and their
target genes.
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